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Proudite from Tennant Creek, Northern Territory, Australia: its crystal structure and
relationship with weibullite and wittite
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Abstract

Proudite, from the Juno Mine at Tennant Creek, Northern Territory, Australia, is mono-

clinic, space group C2/m, with a : 31.96(l), b -- 4.12(l), c: 36.69(3) A,P : 109.52(3)' and

has a known range of solid solution expressed by the general formula Cu,Pbr.uBir..r-o tt'
(S", Se'-r)rr, where 0.04( x( 0.98 and 0.57( y< 0.82. Single-crystal X-ray data were
collected using the integrating Weissenberg equi-inclination method with multiple film packs;
and the structure was solved by the Patterson method and refined by a least-squares procedure
to give a final R of 0.17. The asymmetric unit contains 8 Pb, 10 Bi, I Cu, and 23 S atom sites.

The Cu site, one Bi, and two S sites are partially occupied and the solid solution Pb?.sBie 6?
(S,Se)r, c CuPb, uBir.rs(S,Se)2, probably exists. Pb and Bi atoms may be distinguished with
only a moderate degree of confidence on the basis of differences in their bonding geometry; the
selenium is preferentially ordered into seven of the anion lattice sites. The structure of
proudite is closely related to that of junoite, CurPbrBL(S,Se),,, the other main selenium-rich
mineral intergrown with proudite at Juno. This study also incorporates new X-ray and
chemical data on the little studied seleniferous sulphosalts wittite and weibullite, and proves
that all three are distinct mineral species. Zoning of bismuth-rich sulphosalts in the ore bodies
at Juno is discussed.

Introduction
Selenium substitutes for sulphur in many sulphide

and sulphosalt minerals, so that distinct Se minerals
rarely occur in massive sulphide deposits. Sulphides
and selenides are present together because they have
formed either at different periods of mineralization or
at times when the mineralizing solutions were consid-
erably deficient in S. In contrast to sulphur, which
under natural conditions forms compounds of one
type or another with at least 40 chemical elements,
selenium does so with just a few of higher atomic
number. Selenium compounds with light metals do
not exist in nature, and there is a predominance of
selenides of copper, silver, and bismuth, and notably
a lack of compounds with gold which is so specific for
its analog tellurium (Sindeeva, 1964).

Although relatively few selenium minerals have
been reported as distinct species, there are many de-
scriptions of selenium-bearing minerals in the liter-
ature. Sulphur-selenium isomorphism in them is ex-
tensive and often unlimited, as is illustrated both in
synthetic compounds and in natural specimens, e.g.

the solid solutions PbS-PbSe and BirSr-BizSes (Ear-
ley, 1950), where l:l replacement of S by Se is pos-
sible. In particular, the selenide minerals of lead and
bismuth included in this type are clausthalite, PbSe,
isomorphous with galena; guanajuatite, Bir(S,Se)3,
isomorphous w i th  b ismuth in i te ;  and para-
guanajuatite, Bi2Se3, which has a structure analogous
to tetradymite (BLTezS). Other reported occurrences
of somewhat more complex lead-bismuth sulphosalts
which also fall into this category of sulphur-sele-
nium isomorphism are laitakarite, BinSSer, (Vorma,
1960); selenocosalite (Odman, l94l); selenolillianite,
PbaBiz(S,Se)., and selenogoongarite, PbnBL(S,Se)' (by
Isaksson; see Grip and Wirstam, 1970). These occur-
rences, at Orijarvi, Finland, and the Boliden Mine,
Sweden, must be regarded as somewhat doubtful,
particularly selenocosalite which appears to have the
wrong composition for it to be a Se-isomorph of
cosalite, and selenogoongarite for the reason that
goongarite itself is a discredited mineral. Laitakarite
and ikunolite, Bia(S,Se)s (Kato, 1959), are reported to
be isostructural with joseite-A, Bial'Te1-'S2.

839



WILLIAM G. MUMME

Many of the early described selenium-bearing min-
erals were found to be mixtures in later in-
vestigations, and this has left some doubt concerning
the few remaining species. Thus, the l itt le-studied
minerals witt ite, weibull ite, and platynite were unti l
recently the only lead-bismuth sulphosalts which
could in any way be regarded as distinct seleniferous
sulphosalts because, if valid species, they probably
could not form without the presence of selenium.
These three minerals were found at Falun, Sweden,
an old mining district where massive pyrite carried
copper mineralization, and they were the subject of
investigations by Swedish mineralogists in the late
1800's and early 1900's.

The discovery of seleniferous bismuth sulphosalts
in the Juno Mine, Tennant Creek, Northern Ter-
ritory, Australia (Large, 1974; and Large and
Mumme, 1975), added several new species to this
rather small group of minerals. One of the new min-
erals, junoite [CurPbrBis(S,Se),u] has up to I1.4 per-
cent Se, partially ordered into two of the sulphur sites
in its structure (Mumme, 1975a). The other main
lead-bismuth mineral in the deposit, now named
proudite, was reported as having a composition close
to Bi,oPbr(S,Se)r3 [in Large and Mumme (1975) it was
referred to as "witt ite"] and contains from 6.5 to 15.3
weight percent Se, representing a maximum of 9
selenium atoms in the above formula unit. Like ju-
noite, it is one of a unique group of minerals, and
knowledge of its crystal structure is important in
order to relate it both to junoite and other seleni-
ferous varieties of lead-bismuth sulphosalts.

Previous studies of selenium-bearing bismuth-lead
sulphosalts

Weibull ite was first described by Nordstrcim
(1874),  At teberg (1874),  and Weibul l  (1885).  Johans-
son's studies (in the 1920's) were later summarized by
Wickman (1948). The chemical analysis and X-ray
data given in Johansson's notes indicate that he con-
sidered the material was identical with selenium-bear-
ing galenobismutite. This result was not confirmed in
later studies by Peacock and Berry (1940), who iden-
tif ied two minerals in the specimens. The major of
these they indicated was monoclinic with a : 18.03, b
: 4.04, c : 17.53 A, and A = 94.29", the other phase
was hexagonal  wi th a:  4.20 and c :  13.22 A.  These
two minerals were referred to as weibull ite and se-
lenjoseite respectively by Berry and Thompson
(1962). They stated that samples from Falun labelled
as weibull ite, galenobismutite, and seleniferous chi-
viatite all showed this same intimate mixture of wei-

bullite, selenjoseite, and bismuthinite, and therefore
concluded that Johansson's analyses were based on
mixtures.

More recently Karup-M flller (1970a) carried out a
study of specimen BSF 1753, labelled "weibullite
from Falun grufva" from the mineralogical collection
4t Bergskolan in Filipstad, Sweden. This study of
weibullite, selenjoseite, and bismuthinite placed par-
ticular emphasis on the chemical composition of
these minerals using microprobe analysis. Selenjo-
seite was found to be identical with laitakarite
(Vorma, 1960). Weibullite, identified from the pow-
der pattern given by Berry and Thompson (1962),
was found to  have a  compos i t ion  c lose  to
Bi.PbnSrSe..

Platynite, also from Falun, was first described by
Fl ink (1910).  His reported analysis (Cu 0.32, Fe 0.30,
Pb 25.80, Bi 48.98, S 4.36, Se 18.737o),  performed by
Mauzelius, suggests the formula Pb,BirSrSer. Later
an occurrence of platynite was described by Babkin
(1958) in one of the tin ore deposits in northeastern
USSR. The analysis of this material showed wide
variations in the contents of the various components
(Pb 14.81-7.0, Bi  65.63-55.23, S 11.74-7.49, and Se
18.24-9.76Vo). According to Vlasov (1964, p. 672),
Godovikov and Fer'yanchich later identified this ma-
terial as laitakarite (Vlasov suggests that Flink's
platynite was a mixture).

Wittite from Falun was named by Johansson
(1924).  His analyses gave Pb 33.85, Bi 43.33,512.14,
Se 8.46, Ag 0.19, Zn 0.26, Cu 0.08, Fe 0.28, insoluble
residue 0.54, total  99.13 percent.  Strunz (1957) has
regarded this mineral as Se-rich hammarite, as does
Povarennykh (1972), although there did not appear
to be enough copper reported in the analyses for this
to be the case. Alternative interpretations have sug-
gested that Johansson's specimen was an intergrowth
of two minerals (Sindeeva, 1964).

Argentiferous wittite has also been reported in the
sulphidic wolframite ores of the lower horizons of the
Belukhinsk deposits (Eastern Trans-Baikal) by On-
toev et al. (1972). Their analysis (average of three)
gave B i  47 .9 ,  As  0 .6 ,  Pb 30 .3 ,  Ag 5 .15 ,  Se 0 .15 ,  and S
16.0 percent. They also reported the X-ray powder
data reproduced here in Table l, where it is compared
with X-ray patterns of gustavite, BirrPbuAgrS2a, &trd
phase X, BiroPbrAgrSrn, which are Ag-containing
members of the lil l ianite (PbsBirss)-AgPbBirS. sys-
tem (Karup-Mdller, 1970b). It appears from both the
chemical data (Fig. 1a) and these X-ray data, that the
Ag-wittite described by Ontoev et al.is most likely a
member of the lil l ianite-AgPbBias. system, which
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Terlp 1e. X-ray powder data for Ag-wittite

and gustavite, phase X mixture

TABLE lB. Electron probe analyses for Ag-wittite,
gustavite, and phase X

Gustavite, phase I A9-Wittj-te Ag-wittite Gustavite Phase X

* Lines eansed by st4ersLrueture of Lattiee

t Line due to phaae X

alone tends to leave wittite in the same doubtful
status it had before this Russian occurrence was re-
ported.

The wittite, weibullite, proudite problem

When proudite with a composition close to
BitoPbr(S,Se)r, was discovered at Juno it was ex-

t . 5 >

2 2 . A 2
5 1 .  r 5
I 7 .  I 3

tremely difficult to distinguish from weibullite and
wittite because of their similar compositions (Table 2
and Fig. lb) and the limited X-ray data available for
weibullite and wittite. Therefore, a specimen of wei-
bullite was obtained from Dr. Karup-Mdller, and X-
ray powder patterns and single crystal data were re-
corded for it. These are presented in Table 3, where it
is seen that the powder data agreed with the results of
Berry and Thompson (1962), though the unit cell and
symmetry were completely different. Karup-Mlller's
chemical data and the X-ray data determined in our
laboratories confirmed that weibullite is a unique
mineral species, not the same as the Juno Mine min-
eral.

At this stage the problem still remained as to
whether the mineral from Juno was the same as wit-
tite, or whether wittite itself was a mixture of miner-
als as suggested by Sindeeva. A small specimen of
wittite was obtained from the collections of the Na-
turhistoriska Riksmusseet, Stockholm. A photo-
graph of this specimen is shown in Figure 2. As the
mineral is so rare only small fragments have been
removed for the purpose of obtaining single-crystal
Weissenberg, Guinier X-ray powder diffraction, and
electron probe analysis data.

The electron probe analysis gave the following re-
sult :  Pb 35.3, Bi  43.9, Se 7.7, S 12.6, total  99.5 per-
cent, which agreed well with the previously reported
chemical analysis for wittite (see Table 2). The X-ray
powder and single-crystal data (Table 4) proved wit-
tite to be a different species from both weibullite and
the Juno mineral; the single-crystal data cannot yet
be fully evaluated due to the poor quality of the
crystals so far investigated, but it indicates wittite is
monoclinic with a 4 A repeat axis and a strong sub-
cel l ,  a :  29.15, b :  4.07,c :  15.83 A, P :  98.5".
Status for the Juno mineral to be recognized as a
distinct species was then sought from the IMA and
proudite suggested as a suitable name. Hence for-
ward we shall refer to this mineral, ideally CuPb'.u
Bir.gs(S,Se)zz, as proudite.

A9
Pb
B i

Se

5 . t 5
? n ?

4 7 . 9
1 6 . 0

0 .  1 5

4 .  3 3

44 .95
I O .  O UI
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J
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4
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P b S

Flc. ll. Known minerals of the lill ianite-AgPbBigS" series, showing their relation-
ship with "Ag-wittite" (Ontoev et al., t972).

A n Q"r2-

Experimental

Crystals of proudite were isolated from specimen
R27789, University of New England collection
(Large and Mumme, 1975). The precise unit cell pa-
r a m e t e r s  a : 3 1 . 9 6  +  . 0 1 .  b :  4 . 1 2  t  . 0 1 .  c  : 3 6 . 6 9  +
.03A, P :  10g.52 + .03o, p calc :7.08 gmlcm3, were
obtained by refining Guinier X-ray data (Table 5),
internally calibrated with KCI (ao : 6.2929A;, in-
dexed with the aid of Weissenbers films.

Tnsr-B 2. Microprobe and chemical analyses of
weibullite, wittite, and proudite

The systematic absences of the h0l, hll and h2l
Weissenberg fi lms recorded about the short 4A axis,
namely hkl, h + k I 2n t l; h)l, h * 2ndefined the
space group possibil i t ies as C2/m, Cm, or C2. The
reflections with k : 0, 2 showed nearly the same
intensity distribution, which indicated strongly that
almost all of the atoms in this structure are in planes
which are normal to the b axis, separated by one-half
of the repeat distance of 4A. Therefore it was as-
sumed that the centrosymmetric space group C2/m is
the most probable, a choice which was later con-
firmed by the satisfactory solution and refinement of
the structure.

Intensities, measured visually using a calibrated
fi lm strip, were collected using a Weissenberg camera,
multiple fi lm packs and CuKa radiation, from a crys-
tal 0.2 mm long (corresponding to the b direction)
and between 0.04 mm and 0.06 mm in average cross
section. Absorption factor pR was close to 7, and the
approximation used for absorption corrections was
that of a cylindrical specimen. Later attempts to use a
more sophisticated shape did not result in an im-
provement of the R value obtained. Considerable
diff iculty was experienced in obtaining a suitable
crystal, as most gave split reflections, and the one
finally used, while by no means perfect, was the best
of the verv manv examined.

Proudite weilullite Wittite

(1) (2) (3) (4,  Johansson (5) Microprobe (6)

Pb
Cu
s
Se
Ag
Zn
Fe

4 2 . 3 9  4 2 . 7
3 3 . 7 8  3 3 . 0

. l - . 3 8  I . O
1 0 . 4 3  1 0 . 7
1 2 . O 2  1 2 . 8

4 3 . 3
3 3 .  7

0 . 5
9 . 9

1 4 .  0

4 7  - 5
3 0 . 8

0 . 1
1 0 . 3
1 1 .  6

0 . 8

4 3 .  3 3

0 . 0 8
T 2 .  1 4

4 . 4 6
0 ,  1 9
o  . 2 6
0 . 2 8

4 3 . 9
3 5 .  3

I 0 0 . 2  1 0 1 . 4  1 0 I . 1 9 8 . 6

(I) Ideal p?oudite, Ct*br{ai g-17f tf" z.
12) Atre"age of fow MLUeeB of R2?789.

l3l Aoemge of eleuen arulgses of proudite.

14) Data fw v@p-Mdl'\.e" (1970d, ape?dge of thtee mallses.

l5l  Jolnnaeont5 (1924) MLA' is.

16) MLctop?obe aMLABiB detemiend in theee Labo"atoriee.
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Bir(S Se),

BOl.lcl€vtIE

CTALENOBIStvtUTITE

VIIEIBULLITE

PROUDITE-

cosar_m
LILLIANITE

HEYROVSKYITE

GALENA

PbS Se) Cur(S Se)

FIc. ls. Minerals in the system Bir(S,Se),-Pb(S,Se)-CudS,Se). Those found at fennant Creek are
underlined. They include (a) pekoite [name approved by IMA, July 1975], ideally CuPbBi"(S,Se)'e
(b) gladite, ideally CuPbBiuS, (c) krupkaite [name approved by IMA, June 1974. This redefinition of
CuPbBLS. has incorporated a transfer of the name lindstrbmite to the mineral of composition
Cu'PbrBi'S', (approved by the IMA, September, 1975).1, ideally CuPbBLS" (d) junoite, ideally CuzPbgBL
(S,Se). and (e) proudite, ideally CuPb, oBi,,r(S,Se)rr. Only the solid solution range for proudite is shown.

843

Structure determination and refinement

The proposed formula, BiroPbr(S,Se)2r, for proud-
ite had been deduced from the compositions deter-
mined by electron probe analysis (Large and
Mumme, 1975). It was also based on the unit-cell
volume, calculated density, and the space-group re-
quirements. In such a formula the equivalent of 7-9
of the nonmetal atoms would be selenium, and for
some specimens this formula unit would have to con-
tain one copper atom, as the analyzed copper content
of proudite varied from less than 0.06 to a maximum
of 2 percent. It had been concluded (Large and
Mumme, 1975) that the specimens of proudite exam-
ined were members of an isomorphous series
(Pb,Bi)18(S,Se)rs = (Pb,Bi)".uCu(S,Se)r', and that
the mineral contained a copper site which was some-
times only partially occupied. The average composi-
tion determined for the sample from which the single
crystal was obtained (R27789), given in Table 2, cor-

responded to a 75 percent occupancy of this copper
site.

The short repeat distance of 4A allows only the
two-fold and four-fold sites at y : g and y : Vz of the
assumed space group to be occupied, and the struc-
ture solution was attempted using only the h\l data
from which a Patterson function P(u,O,w) was calcu-
lated. Although the final solution of the structure
showed that one lead atom occupied the origin, this
assumption was at various times discarded in favor of
other models based on a sulphur or selenium atom
occupying the origin. The structure solution was a
lengthy one, in which by reiteration of structure-
factor and electron-density calculations all the metal
atoms and all but three of the sulphur atoms were
located using the hll data. Preliminary bond-length
calculations were helpful in assigning / parameters,
and these were confirmed by three-dimensional Fou-
rier calculations using the three-dimensional data.
These calculations also determined the remaining
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TlsLp 3. X-ray powder data for weibullite (CuKa)

cuinier data, present stualy

q ( o b s )  q ( c a l c )  b k &

Berry anal rhompson (1962)

d ( o b s )  !

' 7 . 5 6

4 . 4 2

3 . 9 2
3  . 4 2

4.  r00
3.969
3 .  8 6 8

3 . 5 3 8

3 . 4 0 9
3 .  3 6 3

3 .  3 0 3
3 . 2 7 9

3 . 2 t O

3 . 1 8 8
3 . 1 4 5

3 .  0 8 0

3 .  0 l l

2 .494

2 .  8 6 8

2 . 8 1 1

2 . 7 0 3

2 . 6 4 4

2 . 5 4 3

2 . 3 L 7

2 . 2 4 4
2. IO9

2.064
2 . 0 5 3

4 . I 2 I
3 . 9 7 3
3 . 8 5 2
3 . 4 4 2
3 .  8 6 7
3 .  7 1 9
3 . 6 1 9

3 .  5 9 5
3 . 5 5 5

3 . 5 2 ' t
3 . 5 0 6
3  . 4 3 1

3 . 3 7 2
3 .  3 0 6
3  . 2 7 7
3 . 2 7 9
3 . 2 4 4
3 .  2 1 0
3 . 2 1 7

3 . r 2 9
3  . 0 ' 7  2

3 . 0 2 ' 7
3 . 0 2 1
2 . 9 6 L

2 . 9 2 I
2 . 4 5 9
2 . 4 6 2
2  . 4 o 4

2 .649

2 . 6 4 3

2 . 5 4 3
2 . 4 0 I
2 . 3 r 4

2 . T T 6
2 . L L 7
2 . 0 9 8
2 . 0 7 4

2 . O 4 6
2 . 0 6 4

r 1 .  0 .  2
0 . o . 1
0 . 0 . 4
1 . 0 . 4

1 2 . o . 2
1 4 . O .  I

2 .  r . 2

? .  1 . .  1
8 .  1 . 0

1 4 . 0 .  2

1 2 . 0 .  3
9 . 1 . 1

1 6 . 0  .  I

r 5 . 0 .  2
0 . 1 . 3

1 3 . 0 .  3
2 . t . 3

I 0 . 0 . 4
1 4  . 0 .  3
t 6 . o . 2
1 2 . 1 . 0

6 . r . 3

8 . 1 .  3

7  . O . 5
1 3 .  r .  1
t 4 . 1 . 0

1 7  . 0 .  3

1 4  , 7  , 2
2 0 . 0 .  I

1 . 0 . 6

3 . 0 . 6
9 . 1 . 4

1 4 . 0 . 5
8 . r . 5

1 0 .  0 .  6
1 0 . 1 , 5

1 8 . 1 . 5

1 4 . r . 5
0 . 2 . 0
9 . 1 . 6

2 6  . 0 .  0

I
2
2

I
IO

VW

MS

S

w
MW
t{

w

w

w
w

w
w

vw
w

MS

M

w
WM
VW

vw
!1{

vw
m.{
M  ( B )

M  ( B )

3 -  3 4

2  . 1 I

2 . 2 4
2 .  1 0

2 . O 4

Flc. 2. Photograph of wittite specimen from Naturhistoriska
Riksmusseet, Stockholm, made available by Dr. Aberg of that
institution. The width of the fragment is 2.5 mm. The b axis is
parallel to striations seen in the crystal surface.

TneLs 4. Guinier X-ray powder data for wittite
from Falun, using CuKa

I  d (meas) t l  (ca1c) h k r ,

vw
w
M

t{
!.{

M
MS

WM

M

M

s  (B)

M  ( B )

M  ( B )

!{M
w ( B )

S

4 . 0 8 5
3 .  9 5 5
3 .  848

J .  / d d

J . O U /

3 .529
3 . 4 3 4

?  ? a n

5 .  5 0 2

5 .  r 5 6

J . U 5 6

5 . U J 6

3 .  004
2 .847

2 .449

2  . 800

2 . 7 0 0
2 .  103

2 .O4L

3  . 9 1
3 . 8 9

?  e ?

3 . 6 0
3  . 6 3
3  . 5 4
3 . 4 7
3 .  4 5
3 . 4 4
3 . 4 0
3 . 4 0
3 . 3 2
3 . L 2
3 ,  1 4
3 .  l 0
3 . 0 7
3 . 0 4
2 . 9 0
z . d t

2 . 9 0
2 . 4 5
2 . 8 4
2 . 7 9
2 . A O

2 . 7 3
, n q

2 . L O
2 . I 0
2 .  r 0
2 . 0 5
2 . 0 4

7 . 0 . 0
0 . 0 . 4

3  . 0 . 4
a n n
6 . 0 .  r
4 . 1 . 0
8 . 0 .  2
3 . 0 . 4
7  . O . 2
9 n 1

? .  -

= ^ -
J . U . f

4 . L . 2
4 . o . 2
5 . 0 . 4
i . r . s

6 . 0 .  a
7 . r . 1

4 . 1 . 3
3 .  1 . 4
7 .  1 . 1
d . U . J

4 . r . +
L 2 . L . L
1 0  .  0 . 6

7  . O . 7
6 . 1 . 6
7 . L . 6
0 . 2 . 0

M
M  ( B )

Vw
s  ( B )

: 4 = 5 3 . 6 8 8 ,

b  =  4 . 1 1 ( 1 ) ,

S  =  1 5 . 4 0  ( 2 )  -
Space Group PlmA

three sulphur atoms. Positions were refined using a
least-squares refinement version of ORFLS (Busing
et al., 1962) for which the weighting scheme of
Cruickshank et al. (1961) was used. Neutral atom
scattering curves were used (Cromer and Waber,
1965), and anomalous dispersion corrections were
made for lead and bismuth. An average scattering
curve ofl(0.25 Se * 0.75S) was originally used for the
nonmetal atoms.

The final weighted R was 0.17 (unweighted R :

Un i t  ce l l  ( " su l r - ce l l "  on l y ) :  g  =  29 . f 5 (9 )  8 ,
b  =  4 . o 7  ( L )  ,
c  =  l s , 8 3  ( 5 )  ,
B  =  9 8 . 5  ( 2 )  o .
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Te,sI-E 5. Guinier X-ray powder data for proudite using CuKa'z
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d(neas)

7 .934

7 .592

7 .079

5 . 5 1 0

J .  I ) J

4 ,  350

4 . 0 7 4

3 .  999

3 . 9 0 1

3 . 8 3 4

3 . 7 8 1

J . O J 5

3 . 5 5 3

3 .494

3 . 4 7 0

3 .  447

3 . 3 9 0

J .  J I O

3 .297

3 .268

3 , 2 2 4

?  1 7 0

3 ,  090
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{ (ca lc )

7 .945

/ . 5 0 6

6 . 9 4 2
6 . 8 9 6

q  1 < ?

4 - 5 Z Z

4 . 0 7 7
4 . 0 8 4

4 . 0 1 5
3 .  980

5. gub
? eoo

3 . 8 4 2
?  a ro
3 , 8 2 7

3 . 7 8 4

3 .646

3 ,  630

3 , 5 4 0

3 ,  491

3 .  458

3 . 4 4 9
J . 4 5  /

3 . 4 4 4

3 . 3 8 4

3. 306
3 . 3 2 2

3 . 2 8 2

7  ) 7 1

3 . 2 2 3
J .  Z Z >

3 . L 7 3

3 .  080

3 . 0 5 8
J . U 5 J

4 , 0 , 2

4 , 0 , 3

4 , 0 , 4
4 , 0 , 7

6 , 0 ,  3

6 , 0 , 4

0 , 0 , 8

1 , 1 , 1
1 ,  1 , 0

1 , 1 , 2
4 , 0 , 6
' I  1 ?

8 , 0 , 5

0 , 0 , 9
2 , 0  , 8
3  , r , 2

8 , 0 , 6

2 , 0  , t 0

I  , 1 , 4

6 , 0 , 5

0 , 0 , 1 0

1 , 1 , 5
2 , 0  , 9

3 , r , 6

2 , o , L l
4 , 0 , 1 1

6 , 0 , 6

1 , 1 , 6
8 , 0  , 3

3 , 7  , 7
5  , r , 2
5 , 1 , 5

L  , 1 , 7

4 , 0  , 7 2

8

100

35

38

15

2 2

24

o

3

1

2
) i

h

1

3

3

5

1 7 1 2

1 0

30

6 0

86

d (meas )

3 ,036

3 .0L2

2 .960

2 .930

2 ,906

2 . 8 7 0

2 . 7 2 0

2 .669

2 .679

Z . J J J

2 . 5 6 7

2 . 5 4 5

2 . 4 4 2

2 . 4 0 9

2 . 3 4 5

2.319

2 . 2 8 3

2 . 2 6 2

2. r85

2.150

2 . L 2 4

2 . 0 9 5

2 . 0 7 7

2 . 0 6 6

2.059

d(calc)

3 .049
3 .  059

3 .  009

2 . 9 5 8
Z .  J O J

, atz.

2 . 9 0 4

2 .864

2 .849
2 . 8 4 7

2 . 7 1 4

2 . 6 7 1

2 .6L9

Z . J 6 J

z . > o a

2 . 5 5 0

2 .  4 3 7
2  "446
2 , 4 0 5

2 . J 4 0

2 . 3 4 8

Z . J L I

2.280
2.281
2 . 2 8 2

2 . 2 6 0

2.L84

2.L52
a  1 a A

2 .096

2 . 0 8 0
2 . 0 8 0
2 . 0 7 7

2 , 0 7 2

2 .061
2 . 0 6 2

6 , 0 , 7
7  , t , 4

3 , 7 , 6

5 , 1 , 8
6 , 0 , L 2

8 , 0 , 5

1 , 1 , 8

l  l o

3  , 7 , 7
5 , 1 , 5

5 , 1 , 6

7  , 1 , 9

1 2 , 0 , 7

1 0 , 0 , 4

5 , 1 , 1 1

l , L , \ L
q 1 q

5 , L , L 2
t 2 , 0 , 1

q l ?

8 , 0 , l s
t r , L , 2

2 , 0 , L 4
r r , 1 -  , 7

4 , 0 , L 3
1 1 , 1 , 0
1 4 , 0 , 5

7  , 7 , 7 3

l L , 7 , 2

1 4  , 0  , 0

1 0  , 0  , 1 6

L 3 , 7 , 3

6  , 0  , 1 3
9 , 1  , 1 4
1 3 , 1 , 8

|  , L , 1 4

0  , 2 , 0
3 , 1  , r 3

hk!,

1 0

1

2

2

2

2

5

48

a

2

18

L 7

o )

J

9

2 7

2 7

5

4 8

5

7

0.19). This is high, but what must be taken into
account are absorption effects due to irregularit ies of
the crystal shape, which would have litt le effect in a
material with a lower absorption coefficient, and the
moderate quality of the X-ray data. Attempts made
to improve the R value by applying other absorption
corrections were without success. As considerable
time had already been spent obtaining this crystal, no
further effort was made to obtain a better data set.
The final atomic positions and isotropic temperature
factors are presented in Table 6. The agreement be-

tween observed structure factors and those calculated
from these parameters are presented in Table 7.1

Results of refinement

The asymmetric unit of proudite contains 42
atomic sites: 18 heavy metal atom sites designated

'To obtain a copy of  th is table,  order Document AM-76-020
from the Business Office, Mineralogical Society of America, 1909
K Street ,  N W.,  Washington,  D.C. 20006. Please remit  $1.00 in
advance for the microfiche.

'Reproduced f rom Economic Geology,  1975, Vol .  70,  p.371.
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TreI-r 6. Atomic coordinates in proudite

Si.te Occupilcy vx 2 s t82l

MI LPb
Itr2 Bi
M3 Pb
M4 Bi
M5 Pb
M5 Pb

M7 B i
M8 B i
M9 Bi
MIO Pb
Ml I  B i
M12 Pb

M I 3
MI4
M l 5
MI6
M17
Mt8

Cu

s l
s 2
S 3

Bi
B I
!D

B i
0 . 4 0 B i

0 . 7 5 C u

o .0000
0 .0690  (9 )
o . t 3 2 4 ( 8 )
0 . 0 0 5 0 ( 9 )
0 . 0 7 0 1 ( 9 )
o . 1 3 0 3 ( 7 )

0 . 1 9 7 9  (  1 0 )
o .2537  (7 )
0 .  1874  (  r 0 )
0 . 2 3 s r  ( 9 )
0 . 4 4 s 6  ( 9 )
0 .  1289  (  r 0 )

0 . 0 0 3 8 ( 1 0 )
o .2779  ( IO )
o.  3787 (  lo )
0 .3s50  (  10 )
0 . 4 3 0 r ( r 0 )
0 .2946  (  10 )

0 . 1 2 0 0  ( 6 3 )

0 . 0 s 7 1 ( 4 0 )
0 .  3594  (  16 )
0 . 3 1 7 3 ( 3 0 )
0 . 0 9 r s ( 2 I )
0 . 0 3 8 1  (  2 6 )
0 . 1 5 3 2 ( 3 0 )

0 . r o 0 7 ( 3 2 )
o . 0 4 1 7  ( 2 I )
0 . 1 6 8 3 ( 1 9 )
0 .  1083  (25 )
o  . 2252  (25 )
o  . 3372  (24 ' )

0 . 2 7 6 6 ( 1 0 )
o . 2 1 8 4 ( 2 0 )
0 . 4 6 e 3  (  1 4 )
o . 4725 (r6',)
o.2L75 (25' )
o .4270 (16l

0 . 4 1 8 5  ( 2 7 )
o  . 4579  (291
o.2549(29' , t
0 . 3 9 4 3  ( 2 9 )
0 . 3 5 4 0  (  3 t )

0 . 0 0 0 0  1 . 3  ( 0 )
0 . 1 - 0 1 7 ( r 0 )  0 . 0 4 ( 7 )
o . r 9 9 s ( 1 0 )  0 . 1 7 ( 6 )
0 , 1 8 9 4 ( 1 0 )  0 . 4 5 ( 7 )
0 . 2 9 3 0 ( 9 )  O . 4 2 ( 7 )
0 . 3 9 2 0  ( 1 0 )  0 . 4 s ( 5 )

0 . 3 0 7 3 ( 1 0 )  1 . o 0 ( 9 )
0 . 4 0 4 3 ( 8 )  r . 0 2 ( 5 )
0 . 4 9 3 6  ( r 0 )  r . 8 ( 0 )
0 . 1 3 9 8 ( 1 0 )  r . t 8 ( 7 )
0 . 0 9 1 4 ( r o )  o . 9 4 ( 7 )
0 . 0 1 5 3 ( I 0 )  r . s 2  ( 8 )

o . 4 1 3 4 ( r 0 )  3 . 4 ( 0 )
o . o s 5 r  ( r o )  o . 6 0  ( 8 )
0 . 3 7 3 r ( 1 0 )  o . 7 3 ( 8 )
0 . 1 8 0 6 ( 1 5 )  2 . 0 ( 0 )
o . 2 e 5 6 ( L 2 l  2 . 8 4 ( 9 1
0 . 2 s s s ( 1 8 )  4 . 8 ( 0 )

o  ,  46so  (69 )  4  . 7  ( o )

0 . 4 e 8 6 ( s 0 )  1 . 2 9 ( 8 )
0 . 0 4 7 0  ( 2 s )  0 . 8 3  ( 9 )
0 .  1 2 7 4  ( 3 0 )  o . 6 4 ( 7 )
o . 0 6 2 2 ( 2 5 1  0 . 8 0  ( 9 )
o . L 4 7 4 ( 3 o l  0 . 1 6 ( 7 )
0 . 1 5 0 1 ( 3 8 )  o . 4 2 ( 9 )

o .256 r (281  1 .0 r (7 )
0 . 3 4 0 6 ( 2 s )  0 . s 8 ( 8 )
o . 3 s 2 e e 2 ' )  0 .  s 6  ( 9 )
o .4323 (25 )  o .24 (9 ,
o .4656 (25'  2 .L6 (9 ' )
o .4655  (241  I . 30  (8 )

0 . 3 6 2 3 ( 1 4 )  0 . 9 4 ( 6 )
o . 2 6 5 3 ( 2 4 ' )  0 . 3 3 ( 7 )
0 . 0 s s 4 ( 1 2 )  r . 8 3 ( 9 )
o . 2 2 1 2 ( 2 L  0 . 6 0 ( e )
0 . 0 6 7 5  ( 2 9 )  2 , 4 0  ( 8 )
0 . 1 3 4 9 ( 2 r )  L . 2 2 ( 9 ' , )

0 . 4 6 6 8 ( 2 9 )  0 . 2 8 ( 9 )
0 . 3 s 7 7 ( 3 1 )  0 . 8 9 ( 8 )
0 . 2  u I  (  3 2 )  2 . 4 5 ( 7 1
0 .2s00 (29 )  r . 47 (7 ' , )
0 . 3 1 9 4 ( 3 1 )  r . 5 8 ( 8 )

s 8
s9
sr0
s1 l

S 1 3

S 1 5
sr6

s18

s t9

s22

s

s

S
S e
S e

Se

S e
S e
q

s
S e

S

s

M(l) to M(18), I copper atom site and 23 sulphur
and selenium atom sites, all located in special posi-
tions of space group C2/m.

The partially occupied sulphur sites S(l) and S(19)
are an unusual feature of this complex structure.
Somewhat similar behavior has recently been ob-
served by Takeuchi et al. (1974) in the high-temper-
ature phase V onthe PbS-BizSs join, where a sulphur
atom splits into two half-atoms which are separated
by 0.6A, as two systems of covalent bonds would
seem to occur statistically in the quenched structure.

In the present case also, the two sites are too close
together for each to be more than about half occu-
pied by sulphur atoms, and the reason for the split-
t ing seems to be an attempt to satisfy the coordina-
tion spheres of both M(13) and M(15) (Fig. 3).

The copper atom occupies a site in which it has
three neighbors at 2.35 to 2.464 and a fourth at the
longer distance of 2.694, to give it a distorted tet-
rahedral coordination completed by one of the par-
tially occupied sulphur atom sites. Its coordination
and the manner in which it f i ts into the structure are
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very similar to the role of the statistical copper atom
in the structure ofcosalite, recently described by Srik-
rishnan and Nowacki (1974). However, the fourth
sulphur atom which completes the tetrahedron in
cosalite, while at the relatively long distance of 2.6 I A,
is in a fully occupied site.

Bismuth and lead can be distinguished in lead-
containing bismuth sulphosalts on the basis of slight
differences in the geometry of their coordination
polyhedra. The distance of the closest approach of
sulphur to lead is seldom less than 2.8A, while the
minimum bismuth-sulphur distances are in the range
2.5-2.6A. The closest approaches observed in proud-
ite are M(2) 12.69, 2.75(2)); M(4) 12.62, 2.73(2));
M (7 )  12.6 s,  2 .7 8(2) l ;  M (8) [2.7 s,  2.8 |  (2)) ;  M (9 )  [2.  6e,
2.7 6(2) l ;  M (r  r)  12.69, 2.68(2) l ;  M 0 a) [2.  5 3, 2.9 6(2)] ;
M(ts) [2.77, 2.78(2)]; M(t7) 12.84, 2.66(2)l; and
M(r8) 12.58,2.58(2)1. Of these M(8) and M(r5) are
not as easily categorized as Bi as the others, and there
may be some disordering of Pb and Bi into one or
both ofthese sites. The nearest approaches ofsulphur
atoms for the remaining metal sites are M(l) 13.05(2),
3.28(a)l; M(3) 12.e6(2), 2.e81; M(s) 12.8t(2), 3.04);
M(6) 12.76(2), 2.831; M(10) 12.81, 3.26(2)); M(t2)
12.84, 3.16(2)l; M(t3) 12.93(2), 3.181; and M(16)
12.82(2), 3.19(2)l; all with the possible exception of
M(6) are sufficiently long to indicate that these posi-
tions are occupied by lead atoms alone. However, it is
recognized that the structure determination is just
about at the limits for distinguishing the Pb and Bi
polyhedra, and the above conclusions should be
treated with some caution, as the Pb-Bi disorder may
be more extensive than is presented in this perhaps
oversimplified picture.

If the metal atom sites in the structure are deter-
mined on the basis of the bonding geometry, as
above, when no copper is present in the structure,
the ideal composition of proudite would have to be
Pbz.bBilo(S,Se)22.u. This is possible only if S(l) and
S(19) are each 75 percent occupied (or together have
a total occupancy of 150 percent), and is a composi-
tion very close to that determined by the microprobe
analysis. However, copper is present in specimen
P.27'789, and a site occupancy of 75 percent has to be
assumed for it from the microprobe results, as the
structure factor calculations were not sensitive
enough to determine an occupancy factor for this
site. Furthermore it appears that the charge balance
in the structure is maintained upon the introduction
of this copper, not by the removal of lead, as pre-
viously supposed by Large and Mumme (1975)
li.e. Pbr.uBi,o(S,Se)zz.u c CuPbzBi,s(S,Se)22.r], but

Ftc. 3. Coordination polyhedra of atoms M(13) and M(15),
showing partially occupied sulphur sites S(l) and S(19).

rather by an adjustment of the bismuth content. This
type of behavior is indicated by the final electron
density calculations, which showed that one bismuth
site, M(18), was only about 50 percent occupied.
Consequently there are less than ten bismuth atoms
in the formula unit, giving two alternatives for the
ideal formula of the copper-rich end member-
CuPbz.uBir..r(S,Se)rr.u or CuPbr.uBir.s(S,Se)zz. The
second of these is probably the more likely, as it
does not require an occupancy factor greater than 50
percent flor the two closely adjacent sulphur sites,
S( l )  and S(19) .

The Fourier analysis indicated that seven of the
"sulphur" peaks were considerably higher in electron
density than the others. These were therelore re-
garded as selenium atoms, and refinement was car-
ried out with selenium ordered into these positions.
The selenium content for this model (12.02E0) is very
close to the value determined by microprobe analysis
(average : l2.8%o), and although it is possible that
there is some partial ordering of selenium into other
positions, these numerous possibilities were not con-
sidered. Selenium has a distinct preference for the
si tes S(8),  S(9),  S(12),  S(13),  S(14),  S(16),  and S(18),
as the R value for the statistically distributed selen-
ium model is 0.19 and that for the ordered model is
0 . 1 7 .

The ideal composition CuPbr.uBir.ssStuSer, de-
duced for proudite from the structure analysis, is in
good agreement with known microprobe analyses for
R27789 (Table 2). The known solid-solution range of
proudite (Large and Mumme, 1975), together with
the structural data, suggests that its composition
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TlsI-n 8. Interatomic distances and bond angles in proudite

bnd kngths Bond Angles

si te

i l l  P b ( 1 ) - s ( 4 )  3 . 0 5 ( 4 )
s ( l s )  r . 2 8 ( s )

M 2  B i ( l ) - s ( 6 )  2 . 5 9 1 4 )
s ( 4 )  2 - 7 5 ( 4 )
s ( 5 )  3 . 0 2 ( 5 )
s ( 1 5 )  3 , 1 0 ( 5 )

u 3  P b ( 2 ) - S ( 6 )  2 - 9 6 ( 4 1
s  ( 5 )  2 . 9 A ( 4 )
s { 1 4 )  2 . 9 9 ( 4 )
s ( 7 )  3 . 3 1 ( 5 )

M 4  B i  ( 2 ) - s { 1 8 )  2 . 6 2 ( 4 )
s ( 1 6 )  2 . 7 3 $ )
s  (  5 )  2 . 9 7  ( 4 )
s ( 7 )  3 . 2 2 1 5 \

M 5  P b ( 3 ) - S ( ? )  2  8 r ( 4 )
s  ( 8 )  3 . 0 4  ( 5 )
s ( 9 )  3 . 2 0 ( 5 )
s ( 1 6 )  3 . 3 3 ( 5 )

M 6  P b ( 4 ) - S ( l 0 )  2 - 7 6 1 4 )
s ( 8 )  2 . 8 3 ( 4 )
s  ( 9 )  2 . 9 9  ( 4 )
s ( 1 r )  3 . 3 2 ( 5 )

M 7  B i ( 3 ) - s ( 1 3 )  2 . 6 5 ( 4 )
s ( 1 4 )  2 , 7 4 1 4 )
s ( 9 )  l  0 o ( 5 )
s ( 7 )  3 . 0 4 ( 5 )

m  B i ( 4 ) - s ( 9 )  2 . 7 5 1 4 )
s ( 1 3 )  2 . 8 I ( 4 )
s ( 1 2 )  2 . 8 6 ( 4 )
s ( l r )  3 . 3 9 ( 5 )

M 9  B i ( s ) - S ( r r )  2 , 6 9 t 4 )
s ( 1 r ) '  2 . 7 6 ( 4 )
s  ( 1 0 )  2 , 7 1  ( 4 )
s ( 1 2 )  2 . 8 1 ( 4 )

M l o  P b ( 5 ) - s ( 3 )  2 . 8 r ( 4 )
s  ( 1 7 )  3 . 2 6 ( 5 \
s ( 2 1 )  3 . 3 9 ( 5 )
s  ( 5 )  3 . 4 5  ( 5 )

Bisnuth

s ( 4 ) - B i ( 1 ) - S ( 6 )
s  ( s )  - B l  (  r )  - s  ( 6 )
s  ( 4 )  - B i  ( l )  - s  (  r 5  )
s  { 5 )  - B i  ( t )  - s  (  1 5  )
s ( 4 ) - B i ( 1 )  - S  ( 4 ) '
s ( s ) - B i ( 1 ) - s ( 5 ) ,
s ( 4 ) - B i ( 1 ) - S ( s )

s ( 5 ) - B i ( 2 ) - s ( ? )
s  (  1 6 )  - B i  ( 2 )  - S  (  7 )
s  ( r 8  )  - B i  ( 2 )  - S  (  5 )
s  ( 1 8 )  - E i  ( 2  )  - s  (  1 5 )
s { s ) - B i ( 2 ) - s ( 5 )  |

s ( 1 6 ) - B i { 2 ) - s ( 1 5 ) '
s ( 5 ) - B i ( 2 ) - S ( 1 6 )

s ( 1 4 ) - B i ( 3 ) - s ( 1 3 )
s ( 9 ) - B i ( 3 ) - S ( 1 3 )
s ( 1 4 ) - B i  ( 3 )  - s  ( 7 )
s { 9 )  - B i ( 3 ) - S { 7 )
s ( 1 4 ) - B i ( 3 ) - s ( 1 4 ) '
s ( 9 ) - B i ( 3 ) - S ( 9 ) '
s ( 1 4 ) - B i ( 3 ) - S ( 9 )

s { 1 3 ) - B i ( 4 ) - s ( r 2 )
s  (  1 1 )  - B i  ( 4  )  - s  (  r 2  )
s ( 1 3 ) - B i ( 4 ) - S ( 9 )
s ( r r ) - B i ( 4 ) - s ( 9 )
s  ( r 3 )  - B i  ( 4 )  - S  ( 1 3 )  '

s ( t l ) - B i ( 4 ) - s { 1 1 ) ,
s  (  r 3 )  - B i  ( 4  )  - s  { 1 1 )

s ( 1 2 ) - B i ( 5 ) - S ( I 0 )
s ( r r ) - B i ( 5 ) - s ( 1 0 )
s  ( l 2 )  - B i  ( 5 )  - s  ( 1 1 )
s  (  1 1 )  - B i  {  5 )  - s  (  r 1 )  "
s ( 1 2 ) - B i ( 5 ) - S { 1 2 ) '
s ( 1 1 ) - 8 1 ( 5 ) - s ( 1 1 ) r
s ( 1 2 ) - B i ( 5 ) - S ( r 1 )

8 8 ,  r  ( l )
9 4 . 3 ( l )
9 6 . 7  (  1 )
8 0 . 4  (  r )
9 7 .  r  ( 1 )
8 5 . 9 ( 1 )
8 8 , 5 ( 1 )

8 8 . 9  ( r )
9 4  . 2  ( t )
9 r . o ( 1 )
8 5 . 9  ( r )
8 7 . 8 ( I )
9 ?  9  ( 1 )
8 7 . r ( 1 )

9 4 . 8 ( 1 )
8 8  4  ( 1 )
9 2 . 2  \ r )
8 4 . r { l )
9 s . 7  ( 1 )
8 6 . 9 ( 1 )
8 8 . 6 ( r )

9 4 . 9  ( r )
8 2  3  ( 1 )
9 0 . 2  (  r )
9 1 . 8 ( r )
9 4 . r  t r )
7 4 . 8  ( 1 )
9 5 . 4 ( 1 1

9 5 . 3  (  1 )
9 5 . 3  ( 1 )
9 ? . 3  ( r )
7 2 . 8 ( 1 )
9 4 . 2 \ t )
9 6 . 8  ( 1 )
8 3 . 5  (  1 )

8 8 . 3  { r )
8 7 . 6 ( 1 )
9 5 . 3  ( 1 )
8 8 . 6 ( 1 )

1 0 0 , 8  (  1 )
9 5  2 l I )
8 t  9  ( t )

s ( 2 ) - B i ( 7 ) - S ( 3 )  8 8 . 0 ( r )
s ( 1 7 ) - B i ( 7 ) - s ( 3 )  8 7 . 7 ( r )
s  ( 2 )  - E i ( ? ) - s  ( 2 ) '  7 4 . 3  ( 1 )
s ( 1 7 ) - B i ( ? ) - S ( 1 7 ) '  8 8 . 1 ( 1 )
s ( 2 ) - B i ( 7 ) - S ( r ? )  9 8 . 5 ( 1 )

s ( 2 3 ) - B i ( 8 ) - S ( 2 0 )  8 5 . 3 ( r )
s ( 1 9 ) - B i ( 8 ) - q ( 2 0 )  9 7 . s ( 1 )
s ( r 3 ) - B i { 8 ) - s { 2 3 )  5 9 . 2 ( r )
s ( r 3 ) - B i ( 8 ) - s ( 1 9 )  7 9 . 5 ( 1 )
s ( t 3 ) ' - B i ( 8 ) - s ( 2 3 )  1 0 7 . 5 ( 1 )
s ( r 3 ) ' - B i { 8 ) - s ( 1 9 )  1 1 3 . 8 ( r )
s ( 2 3 )  - B i ( 8 ) - S ( 2 3 ) '  9 5  8 ( 1 )
s ( 1 9 )  - B i ( 8 ) - s ( 1 9 ) '  6 4 . 9 ( 1 )
s ( 2 3 )  - B i ( 8 ) - S { 1 9 )  9 9 . 7 ( 1 )

s ( 2 2 )  - B i ( 9 ) - S ( 2 3 )  8 7 . 7 ( 1 )
s ( 2 0 )  - B i { 9 ) - s ( 2 3 )  8 0 . 4 ( 1 )
s ( 8 )  - B i ( 9 ) - S ( 2 2 )  8 9 . 9 ( r )
s ( 8 )  - B i ( 9 ) - S ( 2 0 )  4 7  6 l L )

s ( 8 )  ' - B i ( 9 )  - S ( 2 2 )  1 4 3 . 3 { 1 )
s ( 8 )  ' - B i ( 9 )  - s ( 2 0 )  9 2 . 5 ( 1 )
s ( 2 2 ) - B i ( 9 )  - S ( 2 2 ) '  1 0 r . 5 ( r )
s ( 2 0 ) - B i ( 9 )  - s ( 2 0 ) '  8 7 . 5 { r )
s ( 2 2 ) - B i ( 9 )  - S ( 2 0 )  8 4 , 3 ( r )
s ( 1 6 ) - B i ( 9 )  - s ( 2 2 )  1 2 . 1 1 r )
s ( 1 6 ) - E i ( 9 )  - s ' ( 2 0 )  1 2 0 . 8 ( t )

s ( 2 r ) - B i ( r o ) - s ( 2 2 )  1 0 6 . 2 ( l )
s ( 2 3 ) - B i ( 1 0 ) - S ( 2 2 )  1 2 . 2 | L )
s ( 2 1 ) - B i ( r o ) - s ( 1 4 )  1 6 . 2 1 r )
s ( 2 3 ) - B i ( 1 0 ) - s ( 1 4 )  1 0 4 . 7 ( t )
s { 2 1 )  - B i  ( 1 0 )  - s ( 2 1 ) '  l o 5 .  r ( r )
s ( 2 3 ) - a i ( r 0 ) - s ( 2 3 ) '  7 9 . s ( r )
s ( 2 1 ) - B i ( r 0 ) - s ( 2 3 )  8 7 . 1 { 1 )

kad

s { 1 5 )  - P b ( r ) - s ( 4 )
s ( t s ) ' - P b ( l ) - s ( 4 )
s ( 1 s )  - P b ( r ) - s ( r s ) '
s ( 1 5 )  - P b ( 1 ) - s ( 1 5 ) "

s { 6 )  - P b ( 2 ) - S ( 1 4 )
s ( 7 )  - P b ( 2 ) - s ( 1 4 )
s ( 6 )  - P b ( 2 ) - s ( s )
s ( ? )  - P b ( 2 ) - s ( 5 )
s ( 6 )  - P b ( 2 ) - S ( 6 ) '
s ( 7 )  - P b ( 2 ) - S ( 7 )  |

s ( 6 )  - P b ( 2 ) - s ( 7 )

s ( 7 )  - P b ( 3 ) - s ( 9 )
s ( 8 )  - P b ( 3 ) - s ( 9 )
s ( 7 )  - P b ( 3 ) - s ( 1 6 )
s ( 8 )  - P b ( 3 ) - s ( 1 5 )
s ( 7 )  - P b ( 3 ) - s t 7 ) '
s ( 8 )  - P b ( 3 ) - S { 8 ) '
s ( 7 )  - P b ( 3 ) : s ( 8 )

s ( 9 )  - P b ( 4 ) - S ( 1 1 )
s ( r o )  - P b ( 4 ) - s ( t r )
s ( 9 )  - P b ( 4 ) - s ( 8 )
s ( r o )  - P b ( 4 ) - s ( 8 )
s  ( 9 )  - P b ( 4 )  - s  ( 9 )  '

s ( 1 0 )  - P b ( 4 ) - s ( 1 0 )
s ( 9 )  - P b ( 4 ) - s ( r o )

s ( 1 7 )  - P b ( s ) - s ( 3 )
s ( 2 r )  - P b ( 5 ) - s ( 3 )
s { 6 }  - P b ( 5 ) - S ( t 7 )
s ( 6 )  |  - P b ( 5 ) - S ( I 7 )
s ( 6 )  - P b { 5 ) - s ( 2 1 )
s ( 6 ) '  - P b ( 5 ) - S ( 2 1 )
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may be best expressed by the general formula Cu,
Pb?.uBie.6?-0.a3,(Sy,Se1-r)2, where 0.04( x( 0.98 and
0.571 y4 0.82. Bond distances and angles in the
structure are presented in Table 8.

Discussion of the structure

The projection of the structure of proudite onto
(010) is given in Figure 4. The most significant feature
of the structure is the double zig-zag ribbon of edge-
shared octahedra, between which are sandwiched
further ribbon-like fragments composed of the other
bismuth and lead atoms, mostly in 7- and 8-fold
coordination, and the tetrahedrally coordinated cop-
per atoms. The double zig-zag ribbon of edge-shared
octahedra represents a fragment of galena-like struc-
ture which has been observed in many other
lead-bismuth sulphides and sulphosalts (Hellner,
1958; Takeuchi and Sadanaga, 1969). The structure

of proudite is most closely related to that of junoite,
CurPbrBi'(S,Se)1u (Mumme,1975a), in that both con-
tain similar groupings of PbS-like fragments. In ju-
noite a single extendedzig-zag ribbon of the PbS-type
has formed, while in proudite the ribbon has double
width.

The extent of the PbS fragment which occurs in
a particular lead-bismuth sulphosalt depends on
the lead:bismuth ratio in the mineral (Hellner,
1958; Takeuchi and Sadanaga, 1969; Kohatsu and
Wuensch, 1973; Mumme, 1975a). Those with a high
lead content generally have structures with more ex-
tensive regions of PbS-like fragments, while those
with high Bi content tend to be composed of discrete
chains related to the structures of bismuthinite and
bismuthinite derivatives (Mumme e/ al., 1975).
Proudite follows this trend in behavior. but the rela-
tionship is not straightforward; although proudite

, t l /i

'[rl

t),
,Qt,

V7

tn
FIc. 4. Proudite as an assemblage of octahedra and other coordination polyhedra. The shaded portions are equivalent to fragments of

the PbS type. Hatched circles are aI t/2, open circles at 0. Medium circles Pb,Bi; large circles S; Se atoms have heavy outlines.
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TesLn 9. Lead-bismuth sulphosalts containing
PbS-type fragments in their structures

Pb/BL Fraction
molar ratio Pbs-type

Mineral genesis

The Juno deposit at Tennant Creek is made up of
two separate bodies of magnetite enclosed within
sediments of lower Proterozoic age. The ore elements
are vertically zoned within these ellipsoidal magne-
tite-rich ore bodies (Large, 1974); gold is concen-
trated at the base, followed upwards by the bismuth
sulphosalts and chalcopyrite. The further zoning of
sulphosalts within the bismuth-rich portions is il lus-
trated in Figure 5, with the lead-rich sulphosalts con-
centrated at the base of the ore body within the gold-
rich zone. Passing upwards through this bismuth-rich
zone to the copper ore, the lead content and the
selenium content of the sulphosalts decrease, while
the copper content increases (Large and Mumme,
1975).

Members of the bismuthinite-aikinite series be-
yond krupkaite (Mumme, 1975b) have not been
observed in the mine. Junoite and proudite have
formed in place of the known copper- (and lead-)
rich members of this mineral series-lindstrdmite
(CugPbsBi?Sru), hammarite (CurPbrBirSg), and aiki-
nite (CuPbBiSs)-due to a combination of the defi-
ciency of copper and the excess of selenium passing
towards the core.

Mineral

calenobismutite
PbBi2s4

Cosalite
Pb2Bi2S 5

Kobellite
I 2Pbs .7  (B iq .  55 , sq  a4 )s -

2  ( cuo .  ssFeo .  +4 )  s

Junoite
Cu2Pb3Bi6 (S,Se) 15

LiIIianite
Pb3Bi2S5,

Proudite
C\rPb71Bi9- 173 (s ,  se)  zz

Hodrushite
Pt€ur,Bi55 1 1

0 .  5 0

r .  00

l .  7 0

0 .  3 8

1  E n

0 .  8 0

o . 2 0

0 .  30

0 .  6 r

0 .  3 1

0 . 4 7

0 .  6 8

0 .  45

0 . 1 9

has a much higher leadlbismuth ratio (0.80) than
junoite (0.375), the results in Table 9 show that the
relative extents of the PbS fragments are nearly the
same in each structure.

ZONE MINERAL Leod Bismuth Coppcr Selenium

Cu

Bi

Au

Cholcopyriie

Bismuthinitc-qikinitc

Junoitc

Proudite

l.lotiw qold 20 t O I 5 10 10 zfit.
t l

Frc. 5. Zonal relationships within the bismuth-rich portion of the Juno Mine
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The widespread presence of similar ironstone bod-
ies is one of the outstanding features of the Tennant
Creek field. It has been suggested that they formed as
replacement bodies (Elliston, 1960) at relatively low
temperatures (Wright, 1965) and that the emplace-
ment of the magnetite was essentially completed be-
fore any introduction of gold, sulphide, and sulpho-
salt minerals into them (Edwards, 1955; Crohn,
1965). It would appear that the gold and bismuth in
the Juno Mine belong to a late stage of the miner-
alization sequence, as is also suggested for the sul-
phide mineralization in the Orlando Mine at Tennant
Creek (McNeil, 1966). A low temperature of forma-
tion is consistent with the fact that selenides mainly
form during hydrothermal processes apparently at
relatively low temperatures. Attempts have been
made to synthesize proudite during studies in the
Bir(S,Se).-Pb(S,Se)-Cur(S,Se) system carried out at
500oC, but as in the case of junoite, without success.
Again, it is unlikely that selenium-free varieties of
proudite are stable in the BirS3-PbS-CuzS systems, as
it appears that selenium is an essential component of
the crystal structure and has become ordered during
the relatively slow cooling process which has oc-
curred after deposition.
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